The respiration of Escherichia coli is severely inhibited, during hyperosmotic stress period, as a consequence of plasmolysis; deplasmolysis allows the cell to recover respiration. A mutant lacking all K + transport systems can neither deplasmolyze nor recover respiration unless betaine is present in the medium. Betaine, in these conditions, increases both cytoplasmic volume and respiration; this suggests a control of respiration by cytoplasmic volume.
Introduction
Osmotic upshock was found to trigger an immediate water efflux across the envelopes of Escherichia coli; this results in (i) a decrease of cytoplasmic water activity; and (ii) shrinkage of the cytoplasm and, as a consequence, modification of membrane stretching [1] . Shortly after shock, the content of the heat shock protein DnaK is increased [2] while general protein synthesis and DNA replication are severely inhibited [3] . In the same period, the activity of the low affinity K ÷ transport systems is stimulated [4] while the influx of glucose and some other sugars is inhibited [5, 6] . The expression of many genes is turned on early under shock, such as the proU operon [7] and the kdp operon [8] which code for * Corresponding author. Fax: (1) 44 27 35 80. the transport system of the osmoprotectant glycine betaine and the high affinity K ÷ transport system, respectively. On the contrary, the expression of genes like ompF is turned off [9] . Some of these effects, such as sugar transport inhibition, could result from the depletion of energy pools under shock; in fact, Ap is not significantly decreased [6, 10] and ATP content is even transiently increased [11] [12] [13] . Inhibition of sugar transport and activation of K + transport, therefore, seem to be best explained by conformational modification consecutive to membrane stretching changes [6, 14] .
The reduction of oxygen consumption during growth at high osmolarity has been reported in E. coli [6] and a halotolerant bacterium [15] . The control of the rate of respiration at high osmolarity could be mediated either by the K ÷ concentration, as proposed for respiration at low osmolarity [16] , or by the changes of cytoplasmic vol-ume and consequent changes of membrane stretching and/or turgor.
Here we report on both the severe and transient inhibition of respiration and on the parallel variations of respiration and cytoplasmic volume early after shock. Cytoplasmic volume seems to be an essential factor controlling the rate of respiration; K + ions could play a nonspecific role.
Materials and Methods

Bacteria
Bacterial strains of Escherichia coli Frag5 (Fthy rha lacZ gal kdpABC5) and TK2205 (F-thy rha lacZ nagA kdpABC5 trkA405 trkD1) were grown in a minimal medium containing 40 mM KC1 [2] and glucose. Frag5 lacks the K ÷ transport system Kdp; strain TK2205, derived from Frag5, lacks all saturable K + transport systems [17] and, therefore, requires a high external K ÷ concentration for growth; K ÷ is thought to enter the cell by the unsaturable system TrkF [18] .
Determination of cytoplasmic volume
Cytoplasmic volume was determined with [3H]H20 (1.5 mCi ml-1) and [14C]sucrose (7 raM, 6 mCi m1-1) according to [10, 19] . Sucrose was biologically purified to eliminate glucose contamination before use; TK2205 cells were incubated for 5 min with sucrose, then the cell suspension was centrifuged and the purified supernatant was stored on ice.
K + concentration measurement
K ÷ concentration was measured by flame photometry as in [2] .
Oxygen consumption measurement
Oxygen consumption was monitored in a 2 ml cuvette with a Clark electrode.
Results
Respiration is inhibited by plasmolysis under shock
E. coli strain Frag5, impaired in the Kdp high affinity K + transport system so that it can take up K ÷ only by the Trk systems, was upshifted from 300 to 1500 mosM with 0.6 M NaCl. Plasmolysis started immediately ( Fig. la) , as seen by the increase in absorbance (A60o) , and the rate of 0 2 consumption was reduced to 10-20% of the control at 300 mosM within 3 to 5 rain. Replacing NaCI by KC1 (Fig. lc) did not prevent the effect of osmotic upshock. All bacterial strains, whatever their genotype, responded in the same way to upshock.
Respiration is partly restored by deplasmolysis
Ten minutes after shock, the respiration of Frag5 spontaneously started to recover (Fig. la) . The osmodependent K ÷ influx had been immediately turned on under shock; when it was complete, deplasmolysis had ended and respiration was at steady state, with only 70% of the control at 300 mosM. Cells then started to grow with a growth rate four-fold lower than at 300 mosM ( Fig. la) . Increasing medium osmolarity with 0.6 M KC1 instead of NaCI did not substantially modify the cellular responses (Fig. lc) .
Strain TK2205, which lacks all four saturable K + transport systems, Kdp and Trk D, G and H, requires a high external K + concentration for growth. K + is thought to enter by the unsaturable Trk F system so that internal K + content is almost linearly dependent on external K + concentration [17, 18] . When grown in minimal medium with 40 mM KCI, TK2205 cells accumulated 1.4 to 1.5 mmol K+/g protein, as did the parent Frag5, and the doubling time was 100 to 110 rain. When TK2205 cells were shifted to 1500 mosM with 0.6 M NaC1 (Fig. lb) , 0 2 consumption was reduced within 3-5 min after the shift to 10% of the control. Respiration was inhibited for 90 rain and then started to increase at a slow rate. At steady state the recovered respiration was only 40% of the control at 300 mosM. No initial K + uptake could be observed in response to the osmotic shock (Fig. lb) ; although a linear increase of K + content began after 50-60 min, deplasmolysis was not achieved and no significant growth could be recovered. Replacing 0.6 M NaC1 by 0.6 M KC1 essentially modified the responses of strain TK2205 (Fig. ld) , which, in these conditions, behaved like the parent Frag5 (Fig. la  and c) .
The strain WM1389 carrying the thermosensitive mutation dnaK756 was found impaired in K ÷ uptake under hyperosmotic stress and there-283 fore cannot grow at high osmolarity. When this mutant was upshifted to 1500 mosM at 30 °, it showed the same response as the K + transport oO.S, Respiration at 300 mosM ( ) and 1500 mosM (o); it is expressed as arbitrary units. K ÷ content at 300 mosM ( ) and 1500 mosM (I). Both strains were also grown in the presence of 0.5 mM betaine then upshifted to 1500 mosM with 0.6 M NaCI. A600 was measured ( • ). mutant TK2205; it could not achieve deplasmolysis and, as a consequence, did not recover significant respiration unless osmolarity was increased with 0.6 M KC1 (data not shown). In contrast, the parent carrying the wild dnaK allele behaved like Frag5.
Respiration rate is dependent on cytoplasmic volume
Glycine betaine was found to improve growth at high osmolarity in E. coli [19] , possibly by increasing the cytoplasmic volume [6] . When betaine was added to growth medium, it was accumulated under shock by strains Frag5 and TK2205 with similar kinetics and to similar levels (data not shown); growth was improved in both strains ( Fig. la and b) . In the presence of betaine the K + uptake was decreased in Frag5; it was not significantly modified in TK2205 (Fig. 2a and b) . The osmodependent changes of cytoplasmic volume and respiration rate were measured in the two strains, in the absence or presence of glycine betaine (Fig. 2) . In these conditions, cytoplasmic volume and respiration decreased under upshock in both strains; in the absence of betaine, they were recovered significantly only in Frag5 as a consequence of K+-mediated deplasmolysis. In contrast, glycine betaine accumulation was able to increase both cytoplasmic volume and respiration in the two strains. Clearly, the increment of respiration in TK2205 upshocked in the presence of betaine did not result from K + uptake (Fig. 2) ; Fig. 2 . Respiration rate depends on cytoplasmic volume. Strains Frag5 and TK2205 were grown at 37°C to an absorbance A600:0.4 in minimal medium (300 mosM) containing 40 mM KC1, in the absence or in the presence of 0.5 mM betaine. Then osmolarity was raised to 1500 mosM with 0.6 M NaCI. K + content, respiration rate and cytoplasmic volume were measured before and after osmotic shift in Frag5 (a) and in TK2205 (b). K+content, respiration rate and cytoplasmic volume at 300 mosM (e) and at 1500 mosM in the absence (•) or in the presence of betaine ( • ).
this suggested that the rate of respiration could depend on the cytoplasmic volume. The same result was observed when betaine was added to the medium after osmotic upshock.
285 depend on cytoplasmic volume, via membrane stretching or turgor; K ÷ ions could play only a nonspecific role as accumulating osmoactive agent.
Discussion
Here we report on the early variations of respiration during the two phases of hyperosmotic stress: the decrease of cell volume (plasmolysis) and its partial recovery (deplasmolysis).
Unexpectedly, respiration decreased to between 10 and 15% within a few minutes after upshock, irrespective of the genotype of the strain. This has to be borne in mind together with the finding that the transport of several sugars such as lactose, maltose or glucose is strongly inhibited even though ATP and Ap are available [10, 13] . That many membrane functions could be inhibited in such conditions might be explained in terms of possible conformational changes of membrane proteins in response to the disturbance of membrane stretching under plasmolysis [6, 14] .
Obviously, further recovery of respiration depends on the ability of cells to carry out deplasmolysis, i.e. to restore the cytoplasmic volume. This restoration is essentially mediated by K + accumulation. Indeed, strains impaired in K + accumulation directly, like TK2205 or indirectly, like WM1389, recover neither high respiration nor growth unless the K + concentration in the medium is very high. The rate of respiration might, therefore, depend specifically on the K + ion concentration, as proposed in [16] . Alternatively, that in Frag5, at steady state in high osmolarity, both respiration and cytoplasmic volume are lower than at 300 mosM might also reflect a dependence of respiration on cytoplasmic volume.
That betaine accumulation in TK2205 triggers a significant increase of both cytoplasmic volume and respiration in the absence of K ÷ accumulation suggest a dependence of the respiration rate on the cytoplasmic volume.
In conclusion, the results suggest that the rate of respiration, at least at high osmolarity, could
